Introduction
Bisphenol A (BPA) is very widely used in the manufacture of polycarbonate and epoxy resins, dental sealants and other chemically derived products. BPA released from lacquer coatings has been detected in food cans 1) , and it has also been found in saliva collected from subjects treated with dental sealants 2) . Krishnan et al. have reported the weak estrogenic action of BPA eluted from a polycarbonate bottle into medium during an autoclaving procedure. They showed that BPA increases the number of progesterone receptors and promotes proliferation of a cultured cell line that originated from a human breast cancer (MCF-7) 3) . It has been estimated that total daily intake is 0.48 µg/kg body weight (BW) per day for 60-kg adults 4) . Reproductive toxicity of BPA has been reported in mice and rats, and low-dose effects of BPA in vivo have been observed in mice. BPA increased prostate and preputial gland weight and decreased daily sperm production efficiency in male mice offspring prenatally exposed to BPA at 2 or 20 µg/kg/day from gestation day (GD) 11 through GD 17 5, 6) . Other investigators, however, failed to confirm such effects in mouse offspring using identical experimental designs 7, 8) . Cagen et al. reported normal reproductive development in Wistar rat offspring born from mothers supplied with BPA in drinking water at a concentration range of 0.01 to 10 ppm (equivalent to approximately 0.001-4.022 mg/kg/day) for 10 weeks, from the premating day (at 9 weeks old) to the weaning day 9) . In addition, multigeneration reproductive toxicity studies of BPA have been conducted in rats 10, 11) . Both of these studies confirmed that there were no BPArelated effects on developmental and reproductive parameters at low doses of exposure.
Although the reported effects of BPA are not entirely consistent, it has received a great deal of attention with regard to its possible effects on reproductive glands and accessory genital glands, which are due primarily to its estrogenic activity. It has been known that BPA exerts weak estrogenic activity in vivo 12) and in vitro 13) . BPA may also disrupt thyroid homeostasis because of its structural similarity to thyroid hormone. In vitro studies have demonstrated that BPA binds weakly to the thyroid hormone receptor and suppresses transcriptional activity that is stimulated by tri-iodothyronine (T 3 ) 14) . On the other hand, BPA does not inhibit the binding of T 3 to the thyroid hormone receptor and does not inhibit the hormonal activity of T 3 to induce growth and growth hormone (GH) production in the rat pituitary cell line GH3 15) . Although BPA is suspected to mimic thyroid hormone by modulating the thyroid hormone receptor, the in vitro effect of BPA on thyroid function/action is controversial, and the in vivo effect of BPA on thyroid status is unknown.
In the present study, we administered relatively high oral doses of BPA to pregnant rats and measured the effects on thyroid parameters including plasma thyroxine (T 4 ) levels at 1, 3 and 9 weeks of age in male and female offspring. To better assess thyroid function, we also measured in vivo T 4 responsiveness of thyroid glands to exogenous thyroidstimulating hormone (TSH) at 9 weeks of age.
Materials and Methods

Animals
BPA (purity >99.8%, Cat#: 280-08561, Lot#: HCE9312) and corn oil (Cat#: 034-17015) were obtained from Wako Pure Chemical Industries, Ltd., Osaka, Japan. A total of 24 pregnant female rats (Crj: CD (SD) IGS strain, 9 weeks of age) at GD 3 were purchased from Charles River Japan, Inc. (Tsukuba) and housed separately and maintained under controlled temperature (23 ± 1˚C), humidity (55 ± 5%) and a 12-h light-dark cycle (08:00-20:00) conditions throughout the study. The presence of a copulatory plug defined GD 0.
A standard laboratory diet (CE-2, Clea Japan, Inc., Tokyo, Japan) and drinking water were available ad libitum. Dams were randomly divided into four groups (6 pregnant rats per group) and weighed once a day from GD 3 through PND 20 (except for GD 4-5). The BPA-exposed groups were dosed by oral gavage with 4, 40 or 400 mg/kg BW per day of BPA in corn oil vehicle (10 ml/kg BW) once daily between 08:30 and 09:30 from GD 6 through PND 20, and the control group was given the same amount of corn oil during the same period. The litter size was standardized to ten (male:female = 5:5, if possible) between 10:00 and 11:00 on PND 7 (1 week of age). Examinations were performed as soon as possible after offspring were culled. On PND 21, the remaining offspring were weaned, and thereafter males and females were housed separately per litter. A pair of male and female offspring from each dam was dissected at 3 and 9 weeks of age. The remaining offspring were used for brain function and behavioral effects (not reported here). Table 1 shows the treatment design and number of subjects examined. The 400 mg/kg/day group was excluded from further analysis because of its excessive maternal toxicity 16) .
Hormone assay
Plasma samples were prepared as described previously 16) . Plasma T 4 levels were determined by a chemiluminescence immunoassay (ACS; Centaur; Chiron Corp., Emeryville, CA). The plasma T 4 levels were also used as basal values for the TSH stimulation test (see below).
TSH stimulation test
The BPA-exposed and control groups of both sexes at 9 
Statistical analysis
For plasma T 4 determinations, the differences from the corresponding control group were statistically analyzed by analysis of variance followed by Dunnett's test (significance at p<0.05). In the TSH stimulation tests, the difference from the corresponding basal value was statistically analyzed using the Student's or Welch's t-test (significance at p<0.05).
Results
In male and female offspring, no statistically significant differences in plasma T 4 levels were observed between the control and BPA groups at 1, 3 and 9 weeks of age (Fig. 1) . Plasma T 4 levels after TSH administration were significantly elevated compared with the corresponding basal values in the control and the BPA groups. No treatment-related differences were measured in the T 4 levels or in the relative T 4 increase in response to exogenous TSH in all groups of both sexes (Figs. 2, 3) . In male offspring, plasma T 4 levels in the control, 4 and 40 mg/kg/day groups increased by 243%, 206% and 330%, respectively, compared with the corresponding basal values. Likewise, in female offspring, plasma T 4 levels increased by 285%, 311% and 275%, respectively (Fig. 3) .
Discussion
Reproductive and developmental toxicity studies have been conducted using higher doses of BPA. Although maternal toxicity (reduction in maternal weight gain during gestation) was noted in rats exposed to BPA by gastric intubation at 160, 320 and 640 mg/kg/day from GD 6 through GD 15, there were no toxic effects on the development of their pups 17) . Kwon et al. showed that exposure at 320 mg/ kg/day from GD 11 through PND 20 resulted in no apparent change in male and female pubertal development and reproductive function in SD rats 18) . We previously reported that exposure at 4 or 40 mg/kg/day from GD 6 through PND 20 did not cause changes in somatic growth or anogenital distance in rat offspring of both sexes 16) , but these doses did affect testosterone homeostasis in the male testis 19) . Thus, much of the interest in BPA toxicity has focused on its putative effects on reproductive organs and genital glands. In the present study, we investigated whether in utero and lactational exposure to BPA affects endocrine status in the thyroid gland of rat offspring. Plasma T 4 levels were unaffected in the BPA groups (Fig. 1) . A TSH stimulation test was then performed to examine thyroid function. Plasma T 4 levels were significantly elevated after exogenous TSH administration in the BPA-exposed groups, similar to the elevation seen in the control group (Fig. 2) , suggesting that BPA exposure does not affect the synthesis and release of thyroid hormone in offspring in vivo. To our knowledge, this study represents the first attempt to better examine the effects of BPA on thyroid function in vivo in rat offspring exposed to relatively high levels of BPA.
Thyroid hormones play important roles in normal growth, neuronal development and metabolism in animals. During Fig. 1 . Effects of maternal exposure to BPA on plasma T4 levels in male and female offspring. Each column and vertical bar represents the mean and SEM, respectively. There were no significant differences among groups.
fetal and early neonatal periods, impaired thyroid hormone function may affect somatic growth 20) . BPA may act as an agonist or antagonist of the thyroid hormone receptor because of its structural similarity to thyroid hormone. Hence, given that thyroid hormone receptors are expressed ubiquitously and abundantly in various organs, BPA may perturb thyroid hormone action throughout the body tissue. Furthermore, BPA was observed to distribute rapidly in fetuses via placental transfer after a single BPA administration to pregnant female rats 21) , mice and monkeys 22) ; i.e., the placental barrier cannot block BPA transfer. Despite this high transplacental passage, there is sufficient glucuronyl transferase activity to metabolize BPA to BPA-monoglucuronide even in neonatal rats 23) . Although BPA may have the potential to disrupt thyroid hormone action through the thyroid hormone receptor, the results of this study confirmed that thyroid status was unaffected after in utero and lactational exposures of the offspring to BPA. The fact that normal somatic growth is observed in rat offspring following exposure of dams to BPA (even at high doses) 16) has led to the conclusion that the thyroid remains intact in the offspring.
In vitro studies have demonstrated the binding of BPA to the thyroid hormone receptor. Kitamura et al. reported that BPA does not inhibit the binding of T 3 to the thyroid hormone receptor and does not inhibit the hormonal activity of T 3 to induce growth and GH production of the rat pituitary cell line GH3 15) . On the other hand, Moriyama et al. used a competitive binding assay to confirm that BPA binds weakly to thyroid hormone receptors in rat liver nuclear extract 14) . Furthermore, BPA was shown to suppress T 3 -stimulated transcriptional activity in transient expression assays 14) . The discrepancies between these in vitro studies indicate that further investigation is required to clarify the possible mechanism(s) of BPA action on the thyroid hormone receptor. Our results here are in accordance with an in vitro study reported by Kitamura et al. 15) , however, we have no plausible explanation for the differences between these in vitro studies and the in vivo outcome that we describe here.
In conclusion, the results of the present study suggest that in utero and lactational exposure to BPA does not have an effect on thyroid status in the F 1 generation of male and female rats under our experimental conditions.
